Abstract Optimization conditions of Lipozyme RM IM lipase esterification of capric and stearic acids with glycerol for the production of medium-and long-chain triacyglycerols (MLCT) fat suitable for food applications such as margarine and shortening were investigated. Response surface methodology (RSM) was applied to model and optimize the reaction conditions, namely, the reaction time (8-24 h), enzyme load (5-15 wt.%), and fatty acids/ glycerol ratio (3:1-4:1) and represented by Ti, En, and Sb, respectively. Best-fitting models were successfully established for both MLCT yield (R 2 =0.9507) and residual FFA (R 2 =0.9315) established by multiple regressions with backward elimination. Optimal reaction conditions were 13.6-14.0 h for reaction time, 7.9-8.0 wt.% for enzyme load, and 3:1 for fatty acids/glycerol molar ratio. Chi-square test showed that there were no significant (P>0.05) differences between the observed and predicted values of both models. Refined MLCT fat blend had sufficient solid fat at room temperature and made it suitable to use as a hard stock in shortening and margarine production.
Introduction
Medium-chain triacyglycerols (MCT) are structured lipids composed of mainly C 8:0 (caprylic) and C 10:0 (capric) fatty acids. They have been used as dietary treatment for conditions that require rapid energy sources or when digestibility is a problem (Seaton et al. 1986 ). However, long-term use of MCT as a dietary treatment can cause gastrointestinal problems such as gastric discomfort, nausea, cramps, abdominal pain, and diarrhea (Marten et al. 2006) . Therefore, medium-and long-chain triacyglycerols (MLCT) were developed to overcome these weaknesses. In recent years, there have been a considerable number of papers published on MLCT Keller et al. 2002; Matsuo et al. 2001a) .
MLCT is defined as a structured lipid that contains medium-chain fatty acids (MCFA) and long-chain fatty acids on the same glycerol molecule . Studies have shown that MLCT diets have similar fat accumulation and postprandial thermogenesis as those for MCT (Matsuo et al. 2001b) . A few Japanese researchers stated that the ingestion of a sufficient amount of MCFA (10-18%) lower the body weight over short-and long-term period Beermann et al. 2003; Shinohara et al. 2002; Matsuo et al. 2001a) . Stearic acid, LCFA, used in this project was clinically proven to have no adverse effect on the serum lipid attributed by poor absorption and poor digestibility (Karupaiah and Sundram 2007) .
There are two approaches that one can utilize for the production of MLM-type structured lipids such as MLCT. The first approach employs sn 1,3-regiospecific lipase, while the second one utilizes Pseudomonas lipase, a nonregiospecific lipase which acts on acyl groups such as docosahexanoic acids (Torres et al. 2003) . Two types of reaction categorized under the first approach are acidolysis and interesterification. Acidolysis, which involves acyl exchange of oils with excess MCFA, is the most common reaction used in the production of MLCT (Lai et al. 2005; Fomuso and Akoh 2002; Undurraga et al. 2001; Xu et al. 2000) . On the other hand, interesterification of MCT and LCT with 1,3-specific lipase resulted in a heterogeneous mixture of many triacyglycerol (TAG) species.
So far, to our knowledge, the use of esterification using 1,3-regiospecific lipase to produce MLCT fat has received little attention. In this study, esterification was chosen as the reaction of choice between mixtures of capric and stearic acids, with glycerol, which is an abundant by-product from the oleochemical and biodiesel industry in Malaysia, using 1,3-regiospecific lipase to produce MLCT fat with low partial glyceride content. Three reaction conditions, namely, reaction time (Ti), enzyme load (En), and fatty acid/glycerol molar ratio (Sb), were optimized to produce a high yield MLCT fat. A central composite design was employed to study the responses, weight percent of MLCT yield [MLCT (y) ] and weight percent of residual free fatty acids (FFA) [ (res) FFA]. The final reaction products were purified using short-path distillation (SPD). The final product, which is the MLCT fat, can then be incorporated in the formulations of margarine, shortening, and spreads without the necessary removal of other TAG species.
Materials and Methods

Materials
Commercially immobilized lipase, Lipozyme RM IM from Rhizomucor miehei, was purchased from Novozymes A/S (Bagsvaerds, Denmark). Capric acid (99.9%), stearic acids (99.7%), and glycerol (99.7%) were obtained from Cognis Oleochemicals (M) Sdn. Bhd. (Banting, Selangor, Malaysia) . Standards used for determination of acyglycerol were bought from Sigma-Aldrich Inc. (Sigma Chemical Co., USA). All solvents used were of high-performance liquid chromatography (HPLC) grade.
Methods
Preliminary Study
A preliminary study was conducted prior to the RSM work to understand the formation of partial acyglycerols [monoacyglycerol (MAG) and diacyglycerol (DAG)] and TAG throughout the enzymatic esterification synthesis of capric (C 10:0 ) and stearic (C 18:0 ) acids with glycerol, from 4 to 24 h. The molar fatty acids ratio of 1:1.25 (capric/stearic) was chosen to produce hard MLCT fat. Selecting higher ratio of fatty acid molar was not considered as high proportion of stearic acid will cause undesirable waxy taste to the final products. Other conditions of the time course study were enzyme load, 5%; FA/glycerol molar ratio, 3:1; and reaction temperature, 65°C.
Lab-Scale Esterification Reaction
Capric and stearic acids were melted separately due to the broad melting temperature differences between these two fatty acids. It was done to avoid the evaporation of capric acid at high temperature. A total of 30 g of melted fatty acids and glycerol at the specified molar ratio were placed in 250-mL screw-capped bottle. The bottle was then placed in silicone oil bath set at the constant temperatures of 65±1°C. The mixture was stirred using a magnetic stirrer before Lipozyme RM IM was added to the reaction mixture. The bottle was sealed with caps, which were connected to the vacuum pump to remove water produced during the reaction and to drive the reaction forwards synthesis. The esterification was started by switching on the vacuum pump. The reactions were stopped by filtering out the lipases using a filter paper. The samples were subsequently analyzed for acyglycerols content using reversed-phase HPLC. All reactions were performed in duplicate. Six experiments at the center point for each parameter were run as control for the reaction. Further detail will be explained in the "Experimental Design".
Acyglycerol Composition
The AOCS official method Ce 5c-93 (AOCS 1996) was modified to determine acyglycerol composition of MLCT fat. Two types of acyglycerol composition analyses were performed using HPLC. The first method was carried out to identify the partial acyglycerol and TAG contents of the MLCT fat, while the second method was carried out to measure the ratio of overlapping peak [distearoyl-glycerol (DAG SS) and dicapryol-stearoyl-glycerol (TAG CaSCa)], which was obtained from the first chromatogram. Peak identification was performed by determining the range of retention times at which the relevant compounds elute, using selected reference standards (capric acid, stearic acid, monocaprin, monostearin, dicaprin, distearin, tricaprin, and tristearin). The acyglycerol contents are expressed as weight percent of the total weight of the sample.
For the first analysis, the sample (150 mg) was dissolved in 600 μL of chloroform, and 3 μL of it was injected into a HPLC system (Shimadzhu, Kyoto, Japan) equipped with a RI detector (Shimadzu, Kyoto, Japan). The column used was a LiChroCART® 250-4 (5 μm particle diameter; 250 mm×4 mm i.d.) (Merck, Darmstadt, Germany), while the mobile phase was acetone-acetonitrile (50:50 v/v). The flow rate was maintained at 0.8 mL/min, and the oven temperature was set at 40°C. The analysis of acyglycerol composition was run for 90 min.
To determine the overlapping peak, identical sample concentration as described in the first method was applied. The ratio of 60:40 isopropanol and acetone was used as the mobile phase, with injection volume of 5 μL. The flow rate, oven temperature, and column used were identical to the first method. The ratio of TAG CaSCa/DAG SS obtained from this method was calculated and used to determine the percent of these compounds from the first chromatogram. The running time of this method was 20 min. All analyses were performed in duplicates, and average values were taken.
Experimental Design
A central composite rotatable design (CCRD) was employed to study the responses, namely, weight percent of MLCT yield [MLCT (y) ] and weight percent of residual FFA [ (res) FFA]. The independent variables were reaction time (Ti), enzyme load (En), and FA/glycerol substrate molar ratio (Sb). The settings for the independent variables were Ti (8-24 h), En (5-15 wt.% of substrate mass), and Sb (3:1-4:1). Although the FA/glycerol substrate molar ratio in the reaction mixtures varied from 3:1 to 4:1, the molar ratio between the FA, i.e., capric and stearic acids, was fixed at 1:1.25. A CCRD consists of three parts: factorial points (−1, 1), center points (0, 0), and axial points (−1.68, 1.68).
Each variable to be optimized was coded at these levels, and the ranges are shown in Table 1 . The axial points were added to the design to provide estimation of curvature of the models. Six replicate runs at the center point (0, 0) of the design were performed to allow the estimation of pure error. On top of that, they were also used as control in the lab scale esterification reaction. In order to minimize the effect of unexplained variability in the observed responses due to irrelevant factors, all experiments were carried out in the randomized order.
Optimization by RSM
The data from the experiments performed were analyzed using Design Expert release 6.0.11 software (Stat-Ease Inc., Minneapolis, MN, USA) and then interpreted in three main analytical steps: ANOVA, a regression analysis, and the plotting of contour plot were performed to establish an optimum condition for the esterification synthesis. The level of significance for all tests was set at 95% confidence level. The goodness of the models established were determined using coefficient of determination, R 2 , together with the absolute average deviation (AAD) values and ANOVA. The contour plots of interaction were obtained by holding one independent variable at a low value and varying the levels of the other two variables.
Production of MLCT in Pilot Stirred-Tank Enzymatic Reactor
Pilot-scale production of MLCT feedstock was carried out in a 10-L stirred-tank bioreactor equipped with vacuum pump (Paramount Impact Sdn. Bhd., Sri Kembangan, Selangor). The optimized parameters obtained using RSM were used for this production. A total of 8 kg (w/w) of melted capric and stearic acids was poured into the reactor vessel and mixed thoroughly using two vertically aligned three-bladed impellers in the feed tank at a speed approximately 500 rpm and equilibrated at 65°C. A determined amount of glycerol (1.05 kg) was then added to the tank followed by 0.64 kg of enzyme. The vacuum pump was switched on to remove water during reaction. At the end of the reaction time, products were removed and filtered out using muslin cloth from the bottom of the vessel. Crude MLCT feedstock was purified using SPD. The distillation conditions are tabulated in Table 2 . The first cut of distillation for crude MLCT was carried out at 175°C to remove FFA and MAG and leaving DAG and TAG as a residue. The residue was then subjected to the second cut of distillation to remove tristearin. This distillation was done at temperature of 260°C. Other conditions were evaporator vacuum=0.001 mbar and heat exchanger temperature of 80°C. Addition of palm olein to crude MLCT fat at a ratio 1:1 upon the first cut of SPD was done to decrease the solidification temperature. This mixing process was done due to the quick solidification of the MLCT feedstock in the feeding tank, and consequently, purification process could not be carried out. Palm olein was chosen due to the high thermal and oxidative stability, plasticity at room temperature, and tendency to crystallize in the β′ form (Noor Lida et at. 2003).
Model Verification and Enzyme Reusability in Pilot Plant
Five consecutive pilot productions of MLCT fat were conducted at the optimized settings to verify the models and to test the reusability of the commercial immobilized lipase. MLCT yield and residual FFA, given as weight percent, were analyzed and used for both studies.
Physical and Chemical Properties of Refined MLCT Fat
The acyglycerol composition of refined MLCT was measured using the HLPC method described previously. FFA content (Ca 5a-40) and slip melting point (Cc 3-25) were determined using AOCS official methods (AOCS 1996) . The fatty acid profile was obtained after converting acyglycerols to fatty acids into corresponding fatty acid methyl esters (FAME) with sodium methoxide in methanol and analyzing the FAME by gas chromatography (Hewlett- Packard, Wilmington, Del, USA) (AOCS Ce 1-62). Solid fat content was measured using a Bruker PC/20 series pulsed nuclear magnetic resonance analyzer (Minispec, Bruker, Karlsruhe, Germany) (AOCS) official method Cd 10-57. The sample was melted at 80°C for 30 min to destroy the crystals' history. During this study, the sample was evaluated at 5°C intervals from temperatures of 0 to 60°C.
Results and Discussion
Effect of Time on the Partial Acyglycerols and TAG Formation Figure 1 shows a typical time course (4-24 h) for production of MLCT feedstock using commercially immobilized enzyme, Lipozyme RM IM, in which the initial concentrations for FA/glycerol substrate molar ratio was 3:1. The reaction was performed at 65°C using 5% enzyme (w/w). The two FA (capric and stearic acids) were consumed gradually throughout the time course study. DAG content showed an increment from 4 to 12 h by 3.82% and decreased thereafter. This suggested that the DAG formation reached equilibrium point at approximately 12 h of reaction time. The formation of MLCT TAG (percent sum of MMM, MLM/MML, and LML/LLM) increased dramatically by 39.22% throughout the esterification reaction from 4 to 24 h. The equilibrium stage of MLCT TAG formation could delay to longer hour at 5% enzyme weight. Similarly, the proportion of tristearin also increased by 10.55% with reaction time but at a slower rate as compared to MLCT TAG formation. The main concern in designing the experimental protocol for production of MLCT feedstock, where the MLCT feedstock will be used as shortening and margarine, is the weight percent of tristearin. The removal of tristearin from MLCT feedstock was done by SPD as the presence of this TAG was not favorable in the formulation of shortening and margarine. High amount of tristearin will cause post-hardening case upon storage. These findings were used as a guideline to estimate the range of independent variables for RSM.
Model Fitting
RSM was applied to model the weight percent of MLCT yield [MLCT (y) ] and residual weight percent of FFA [ (res) FFA] with three reaction parameters: reaction time (Ti), enzyme load (En), and FA/glycerol molar ratios (Sb). The optimum temperature recommended by the manufacturer for maximum Lipozyme RM IM activity is between 30 and 70°C. However, Malcata et al. (1992) reported that the optimal temperature for the most immobilized lipases falls within 30 to 62°C. To obtain the optimal activity of lipase in order to get high MLCT yield and to prevent deactivation of enzyme, reaction temperature of 65°C was chosen. In addition, this reaction temperature was chosen to minimize the losses of capric acid, which melted at 31.6°C. Although melting point of stearic acid is slightly higher than the reaction temperature, the addition of capric acid to the stearic acid decreased the melting point of the mixture. Table 3 shows the observed values for the weight percent of MLCT yield [MLCT (y) ] and weight percent of residual free fatty acids [ (res) FFA] at each of the 20 experimental sets generated. The predicted values were obtained from the model fitting technique using Design Expert 6.06 and were seen to be closely correlated to the experimental value. Fitting of the data to various models (modified, linear, quadratic, and cubic) and their subsequent ANOVA showed that the enzymatic esterification of capric and stearic acids with glycerol was most suitably described with reduced cubic polynomial model (modified model) with backward elimination, whereby insignificant factors and interactions were deleted from the model. The modified model with backward elimination was also shown in the other published studies such as enrichment of rice bran oil with α-linolenic acid by enzymatic acidolysis (Chopra et al. 2009 ), lipase-catalyzed esterification of capric and oleic acids with glycerol (Koh et al. 2008) , and enzymatic (Cheong et al. 2007) . Table 4 shows the ANOVA of MLCT (y) and (res) FFA models. The very small P values (<0.0001) and nonsignificant lack of fit from the ANOVA indicated that reduced cubic polynomial model was highly significant and sufficient to represent the actual relationship between responses of MLCT (y) and (res) FFA and the significant variables. The low pure error indicating good reproducibility of the data was obtained. The accuracy of the models was evaluated by coefficient of determination (R 2 and adjusted R 2 values) and AAD (Bas and Boyaci 2006) . The AAD values of MLCT (y) and (res) FFA models were 6.3% and 5.1%, respectively while the coefficient of determination (R 2 ) for MLCT (y) and (res) FFA models were 0.9507 and 0.9315, respectively. The values of predicted R 2 and adjusted R 2 for both models were also in an agreement (Fig. 2a, b) . The high values of R 2 and adjusted R 2 , with low AAD values which showed a good agreement between the experimental results and predicted values by the reduced cubic polynomial model, expressed the goodness of model fit in this study. Table 5 shows the regression coefficients and P values for MLCT (y) and (res) FFA after backward elimination. The first order of Ti had the greatest positive effect on MLCT (y) followed by the first order of En and Sb. However, the first order of Sb showed negative influence on MLCT (y). Similarly, the second order of Ti, En, and Sb as well as the third order of Sb also showed negative effects on the response of MLCT (y) . Only the interaction of Ti and En was found to be significant at 95% confidence level for the MLCT (y). The regression coefficient for (res) (y) and (res) FFA, respectively, they were not removed by backward elimination to maintain the hierarchy of the model.
Main Effects and Interaction Between Parameters
The reaction rate of MLCT production after center point (16-24 h) was slower (1.6%) than the initial stage of 8-16 h (10.8%) (Fig. 3a) . It indicated that the esterification synthesis reached the equilibrium point at 16 h of Ti. Figure 3b showed that the MLCT (y) was decreased after the En reached the center point. The decreased in the MLCT (y) when large amounts of lipases employed can be explained by a poorer mixing of the reaction. Kristensen et al. (2005a Kristensen et al. ( , 2005b reported that the high amount of enzyme in viscous oil system could cause improper mixing of reaction and thereby promoting limitations to mass transfer. This phenomenon may also relate to the possible protein aggregations that prevented the exposure of enzyme active site to the substrate (Ghamgui et al. 2006) . Figure 3c shows that the MLCT (y) decreased to center point and continuously decreased to the maximum ratio of Robles Medina et al. (1999), and Ergan et al. (1990) reported that the TAG yield decreased as the ratio of FA/glycerol increased. The maximum MLCT (y) was found to be at 3:1 Sb.
To evaluate the interaction between Ti and En on MLCT (y) , contour plot was constructed by varying these two variables and holding Sb at low level (Fig. 4a) . Based on the contour plot, it showed that MLCT (y) increased with an increase of Ti and En. The MLCT (y) , however, decreased at approximately 11% of En. Furthermore, increased En up to this level decreased the MLCT (y). At low dosage of En (8-9 wt.%), longer Ti (14-16 h) was needed to produce high MLCT (y) , approximately 60.3 wt.%. Increasing Ti up to 14 h did not improve much on the MLCT (y) . It is indicated that the esterification reached the equilibrium stage. There were differences in equilibrium Ti obtained from one factor plot (16 h) and contour plot (14 h) due to the dissimilarity in Sb. This finding suggests that higher Sb needs longer Ti to reach equilibrium stage. Figure 4b shows the effect of varying Ti and Sb on the (res) FFA at low level of En. The (res) FFA increased with increasing Sb. Higher incorporation of Sb will have inhibition effect on TAG yield and also causes the reaction to have a longer time before reaching equilibrium. This was 
Optimization and Model Verification
The optimal conditions for the lipase-catalyzed esterification synthesis of MLCT (y) and (res) FFA models were predicted using optimized function of the Design Expert Software. Table 6 shows the four optimized reaction conditions generated for the maximal MLCT (y) and minimal (res) FFA at which the Ti and En were targeted at the lowest level and Sb was set within the range of 3:1-4:1 due to cost consideration. The most desirable reaction conditions for optimum MLCT (y) (58.0 wt.%) with minimal (res) FFA (22.0 wt.%) are as follows: Ti (13.614 h), En (7.8-8.0 wt.%), and Sb (3:1 molar ratios). The optimum Sb obtained in this study was similar to Esteban Cerdán et al. (1998) as they reported that the stoichiometric glycerol/FA ratio of 1:3 molar was established as optimum for obtaining a high TAG yield.
To verify the predicted results of this model, the experiment was scaled up to 8 kg production conducted in 10-L stirred-tank bioreactor using optimized conditions of MLCT (y) and (res) FFA models. Chi-square test showed that there were no significant (P>0.05) differences for both models MLCT (y) and (res) FFA (Table 7) . The chi-square values for MLCT (y) (1.8) and (res) FFA (0.42) were much smaller than the cut of points (9.49) at α=0.05 and df=4. Therefore, both models were adequate to predict MLCT (y) and (res) FFA in esterification synthesis with high accuracy. In view of the current high costs of lipases, the possibility of reusing the enzyme would be an attractive feature of biocatalysis. After five consecutive pilot plant productions, Lipozyme RM IM did not significantly lose its activity to catalyze esterification at the optimized reaction conditions (Table 7) . Keng et al. (2008) reported that Lipozyme RM IM retained their synthetic activity during recycling up to 15 times in stirred-tank bioreactor. The current results indicate that Lipozyme RM IM is best suited to be used in stirred-tank bioreactor due to the high rate of reusability of the enzyme.
Physical and Chemical Properties of Refined MLCT Feedstock Blend
The refined MLCT feedstock blend properties are summarized in Table 8 . Refined MLCT feedstock blend contained 47.3% MLCT TAG, which comprises MMM, MLM/MML/ LMM, and LML/LLM/MLL TAG. The partial glyceride yield (MAG and DAG) was not totally removed from the MLCT feedstock blend as they can act as emulsifier for the shortening and margarine. The low FFA in the MLCT feedstock blend showed that it was suitable to be used in shortening and margarine application. The refined MLCT feedstock contained sufficient capric acid proportion (>10%) to be incorporated in products for obesity management. The distribution of saturated fatty acids/unsaturated fatty acids gave an interest point whereby type of fatty acid composition ratios can be grouped as 3:1. The high amount of saturated fatty acids provided sufficient solid fat for MLCT feedstock blend.
Solid fat plays an important role in determining the suitability of the fat to be applied in the production of shortening and margarine. The high solid fat at workable temperature (25°C) indicated that this fat blend was suitable to produce functional shortening and margarine for long-term obesity management treatment. Some solid fat must be presented in shortening and margarine to give desired consistency and plastic texture (O'Brien 2004; Metzroth 1996) . Even though the SFC percentage at 35°C (melting body temperature) and SMP of this fat blend were high, it can be overcome by mixing the fat blend with the other soft edible vegetable oils such as palm olein.
Conclusion
In this study, RSM was successfully applied to model and optimize the conditions used in the esterification of fatty acids (capric and stearic acids) with glycerol and subsequently maximized the percentage of MLCT yield after reaction. Various operating conditions that could be applied to the esterification process were proposed. The generated regression models could be used to predict the degree of esterification to yield MLCT. The optimize process variables were reproducible at 8-kg production scale in a pilot stirred-tank bioreactor. Lipozyme RM IM can be reused up to five times without loss their synthetic activity. The physical and chemical characteristics of refined MLCT fat blend showed its suitability to be used as a hard stock for shortening/margarine application.
